A B S T R A C T The effects of carbon monoxide on ventilation were studied in unanesthetized goats. Responses to single breaths of 10-25% CO in 02, which rapidly raised carboxyhemoglobin (COHb) from 5 to 60%, were considered to reflect peripheral chemoreceptor-mediated reflexes whereas responses to continuous inhalation of 1% CO in 02, which slowly raised COHb from 0 to 60%, were considered to reflect both peripheral chemoreceptor and nonperipheral chemoreceptor mechanisms. In each of six goats, single breaths of CO failed to elicit any immediate ventilatory response.
INTRODUCTION
The increase in ventilation caused by reduction in arterial 02 tension is well known and clearly ascribed Received for publication 12 August 1975 and in revised form 6 November 1975. to peripheral chemoreceptor stimulation. The ventilatory response is less clear when arterial oxygen content is decreased in the presence of normal oxygen tensions. One such state, carboxyhemoglobinemia, has attracted considerable attention in previous attempts to answer this question. No consistent pattern has emerged from these studies. John Haldane (1) , for example, in a famous experiment performed on himself, hyperventilated after carbon monoxide inhalation. This was confirmed by Haggard and Henderson in dogs (2) , and more recently by Ayres et al. in man (3), but Chiodi et al. (4) found no ventilatory changes in human subjects with carboxyhemoglobin (COHb)1 levels as high as 50%. Similarly, there is no agreement as to whether or not carboxyhemoglobinemia increases neuronal activity from the peripheral chemoreceptors (5) (6) (7) .
In a recent study of a related problem, the ventilatory response to hypoxia in severe anemia (8) , we pointed out the complexities inherent in experiments of this nature. Our data indicated that while diminished 02 content of arterial blood did not seem to be a ventilatory stimulus per se, it could substantially alter both peripheral chemoreceptor-and central nervous system-mediated responses to hypoxic hypoxia. Thus, the clinical significance of defining the ventilatory response to carbon monoxide goes beyond the occasional case of carbon monoxide poisoning since it is likely to shed light upon ventilatory adjustments to a variety of situations in which the central nervous system is deprived of its normal supply of oxygen.
In the current study, we attempted to understand the mechanisms that determine the ventilatory responses to carbon monoxide of intact unanesthetized animals. We used a methodologic approach which allowed for distinction between peripheral chemoreceptor-and central nervous system-mediated responses. This was made possible by taking advantage of the previously demonstrated differences in time of onset of these effects. Peripheral chemoreceptor-mediated responses, which 1Abbreviations used in this paper: COHb, carboxyhemoglobin; CSF, cerebrospinal fluid.
The Journal of Clinical Investigation Volume 57 April 1976 -977-986take less than 10 s to become manifest (9) , were tested by inhalations of single breaths of CO in 02. The combined peripheral chemoreceptor-and central nervous system-mediated responses (the latter take at least a minute to develop) (10) were tested by continuous inhalation of 1% CO in 40% 02. To confirm the validity of this approach, and to elucidate the mechanisms involved in the ventilatory responses that were observed, additional studies were done. They involved denervation of the carotid bodies, monitoring of cerebrospinal fluid (CSF) acid-base changes, and evaluation of the effects of the concomitant circulatory changes during inhalation of carbon monoxide. The data support the view that acute carboxyhemoglobinemia does not stimulate peripheral chemoreceptors and provide a basis for a multifactorial concept of the ventilatory effects of central nervous system hypoxia.
METHODS
28 goats were studied unanesthetized and in the standing position. During the week before performance of the experiments, an indwelling arterial catheter was inserted into a femoral artery under general anesthesia. During the study, this catheter was connected by means of a three-way stopcock to a calibrated blood pressure transducer (model P23 Dd, Statham Instruments Div., Gould, Inc., Oxnard, Calif.). This system enabled continuous monitoring of heart rate and arterial blood pressure; it also provided easy access to arterial blood with no disturbance to the animal. The animals were studied standing and lightly restrained by the horns to a stock. They were allowed to breathe through a snugly fitting mask with an attached Rudolph one-way valve. A saturation for each period of inhalation of the test gas. The rationale and details of this method have been previously described (8) .
The results were plotted together, comparing the ventilatory responses to decreases in arterial 02 saturation achieved with either nitrogen or carbon monoxide inhalation. Failure to increase ventilation within 30 s of inhalation of the test gas was considered to signify lack of response to transient hypoxia.
Extended carbon monoxide breathing. On separate days, the same six animals breathed 40% 02 in N2 for 10 min followed by 1% CO in 40% 02 plus N2 for 7-13 min. Ventilation, arterial blood pressure, and heart rate were monitored as before. Arterial blood was sampled every minute and measurements of pH, gas tensions, arterial So2, and COHb were carried out as described above. While the total duration of the study varied from animal to animal the end point was consistent in each animal; this was the development of sustained hyperpnea (see Results). This end point was chosen after preliminary studies showed that if animals were allowed to breathe CO beyond the establishment of sustained hyperventilation, apnea ensued within 2-4 min. After the inhalation of 1% CO they resumed breathing 40% 02 in N2.
We then tried to determine the mechanisms responsible for the delayed hyperpnea which was observed during extended inhalation of CO. The following possibilities were entertained: (a) heightened medullary chemoreceptor sensitivity causing an enhanced response to C02; this was considered as a possibility since another form of hypoxia (inhalation of gases with low oxygen tension) is known to enhance the ventilatory response to CO2 in both man and goats (11); (b) left heart failure causing pulmonary edema or congestion; (c) (13) . CSF bicarbonate levels were calculated from pH and Pco2 by using a pK1 of 6.13.
Circulatory changes. Wasserman and co-workers (14) have demonstrated that an abrupt increase in cardiac output may cause isocapnic hyperpnea. Since our data indicated that arterial Pco2 did not decrease in proportion to the degree of hyperpnea observed during inhalation of CO and suggested that significant increases in cardiac-output occurred during this time, we tested whether this phenomenon could have contributed to the observed pattern of responses to inhalation of CO. In order to evaluate the role of the circulatory changes in the ventilatory phenomena observed, the studies of extended inhalation of carbon monoxide were repeated after beta-adrenergic blockade produced by intravenous infusion of propranolol at a dose of 2 mg/kg in four goats.
Finally, studies were done in four animals to determine whether there was mobilization of CO2 from body stores during inhalation of CO as would be required if the phenomenon described by Wasserman and co-workers was operative during inhalation of carbon monoxide. 02 uptake and C02 elimination were measured while the animals breathed 40% 02 in N2. After this, the animals breathed 1% CO in 40% 02 plus N2 until hyperpnea was established for approximately 1 min. They then were returned to the 40% O2 and N2 gas mixture, whereupon O2 uptake and CO2 elimination were again measured over the next minute while the hyperpnea persisted. Standard methods were used for these determinations. Heart rate and blood pressure were recorded in these studies as well.
RESULTS
Transient carbon monoxide breathing. Fig. 1 In all animals, arterial Pco2 tended to rise within 2-3 min and then return to near control levels during the hyperventilation phase (Fig. 2) . Tachycardia was manifest at 2-3 min and progressed throughout inhala- Pulmonary artery catheterization. Studies in two goats indicated that there were no significant changes in mean pulmonary artery or pulmonary wedge pressures during inhalation of 1% CO for sufficient time to cause hyperventilation.
Carotid body denervation. Four goats were studied before and after denervation of the carotid bodies. Fig.  4 shows that ventilatory responses to inhalation of 1% CO were unaltered after bilateral carotid body denervation.
Blood and CSF acid-base changes. Table II height of hyperventilation. There were two other effects of beta-adrenergic blockade. The magnitude of the delayed hyperpnea was reduced, but arterial Pco2 values during hyperpnea fell from base-line values. This is in contrast to the untreated animals in which Pco2 stayed the same or even increased despite a greater ventilatory response. In addition, Fig. 5 shows that in all four animals treated with propranolol, inhalation of 1% CO produced varying degrees of ventilatory depression during the first five min of carbon monoxide inhalation (COHb = 9-27%), a pattern that was not seen in any of the animals studied without propranolol. Mobilization of tissue CO. stores. Table IV lists ventilatory variables as well as 02 uptake, C02 elimination, and calculated physiologic dead space in the control period and after CO-induced hyperpnea had been established for 1 min. As in the initial group of animals there were substantial increases in minute ventilation with either small or no changes in arterial Pco2 when COHb reached 50-60%. The data in Table  III indicated that this phenomenon could not be ascribed to an increase in the ratio of physiologic dead space ventilation to total minute ventilation; nor did it seem to reflect an increase in metabolic rate since 02 uptake remained constant. Thus, the increased C02 elimination appeared to represent mobilization of C02 from tissue stores.
DISCUSSION
This study has two basic findings: a lack of ventilatory response to inhalation of single breaths of carbon monoxide in 02 and a delayed increase of ventilation upon inhalation of 1% CO in 40% 02. in O. content produced by inhalation of nitrogen confirms previous observations that the main stimulus to the peripheral chemoreceptors is a fall in arterial 02 tension (15) . Similar findings have been recorded by Lloyd and co-workers (16), who reported no ventilatory stimulation after administration of single breaths of carbon monoxide to human volunteers. We and others (8, 17, 18) Paintal (6) and by Mills and Edwards (7), reported increases in chemoreceptor nerve fiber discharge after inhalation of carbon monoxide. In both of these studies, however, the authors reported a time of onset of per- ipheral chemoreceptor responses of several minutes. This differs markedly from the 2-to 3-s lag in response which follows inhalation of gases with low oxygen tension. While low diffusibility of CO in chemoreceptor tissue could account for this delay, our studies suggest that a more likely possibility is that the chemoreceptor stimulation that they found was a secondary phenomenon, possibly related to a transient increase in arterial PcO2 due to the circulatory response to CO (see below) or to a less specific generalized excitatory state. Delayed hyperpnea due to inhalation of 1% carbon monoxide. Extended carbon monoxide breathing, on the other hand, caused delayed hyperpnea. The phenomenon was highly reproducible and always reversible. It seemed to depend on both COHb level and time of exposure. The importance of the latter is underscored by the absence of ventilatory stimulation when equivalent decreases in arterial 02 content were produced by rapid buildup of carboxyhemoglobinemia during the "single-breath" studies. The minimum COHb level needed to achieve this effect was not determined in these experiments since we did not hold that variable independent of time.
Several possible mechanisms for the delayed ventilatory stimulation provoked by CO breathing were considered. The possibility of delayed peripheral chemoreceptor stimulation was made unlikely by the reproducibility of the phenomenon after bilateral carotid body denervation. A contribution by the aortic bodies cannot be ruled out since they remained intact. Although the studies of Tenney and Brooks (12) suggest that the relative contribution of the aortic bodies to ventilatory control may be significant in goats, one would have to postulate a mode of action which was different from the carotid bodies with regard to nature of stimulus and time-course of response of these sensors. Such differences have not been previously described.
In considering other possibilities, the independence of the phenomenon from a heightened medullary chemoreceptor response to C02 was demonstrated by the lack of enhancement of ventilatory responsiveness to carbon dioxide. We also ruled out hemodynamicinduced pulmonary edema by the absence of pulmonary wedge pressure changes in two goats. Systemic acidosis is unlikely since it was only observed in two of the goats studied.
We then considered the possibility of cerebral acidosis. The data clearly show that the delayed hyperpnea caused by carbon monoxide was consistently accompanied by significant decreases in pH and bicarbonate concentration and increases (although not equimolar) in lactate concentrations of the cisternal CSF fluid. The explanation for the lack of stoichiometric correspondence between the decrease in bicarbonate and increase in lactate concentrations is not apparent. However, similar findings have been observed in a roughly analogous preparation involving hypoxic hypoxia in peripherally chemodenervated rabbits (19) . Measurements of bicarbonate and lactate levels in simultaneously drawn arterial blood samples showed that these remained at base-line values in the systemic circulation during most studies, further confirming the relation between cerebral acidosis and hyperventilation. This finding suggests that the brain may be less well "protected" from hypoxia than systemic tissues as a whole. Such a concept deserves further study.
It should be noted that when the central chemoreceptor mechanism of intact unanesthetized goats is stimulated by ventriculocisternal perfusion with acidic fluid the evoked ventilatory response tends to involve an increase in tidal volume more than an increase in respiratory rate although there is a clear increase in rate when the fluid is made more acid by the inhalation of C02 (20) . Since in the present studies inhalation of CO caused a proportionately greater increase in respiratory rate than in tidal volume, it is possible that stimulation of the central acid-sensitive chemoreceptor was not the only mechanism involved in the observed CO-induced hyperpnea. It is of interest in this regard that Miller and Tenney recently described tachypnea with a decrease in tidal volume when peripherally chemodenervated cats were exposed to hypoxic gas mixtures for as little as 30 s. They believed that the response was too rapid to be due to accumulation of acid and postulated an effect of hypoxia upon the diencephalon (21) . It is known that direct stimulation of the diencephalon, or release from an inhibitory influence of higher regions by decortication, may cause tachypnea (22) . Thus, the increase of tidal volume with proportionately greater increase in respiratory rate caused by inhalation of CO in the present studies could have represented both stimulation of the acid-sensitive central nervous chemoreceptor and an effect of hypoxia on higher centers. The latter effect cannot be specified at present but could have involved either inhibition of cortical activity or activation at the diencephalic level.
Finally, the phenomenon of "cardiodynamic hyperpnea," described by Wasserman and co-workers (14) , must be considered as a possible contributing factor to CO-induced hyperpnea. These workers noted isocapnic hyperpnea in anesthetized dogs upon infusion of isoproterenol. The phenomenon, which was present after removal of the carotid bodies, was closely tied to the increase in cardiac output and thus seemed likely to be related to the consequent mobilization of blood and tissue C02 stores. The receptors responsible for matching ventilation to the increased C02 delivery to the lungs were not identified. That a similar phenomenon was operative during inhalation of CO is suggested by the following considerations:
(a) The substantial increases in heart rate and pulse pressure suggest that there was an increase in cardiac output during inhalation of CO. In addition, Ayres and co-workers (3) have shown increases in cardiac output with COHb levels as low as 9% in unanesthetized subjects.
(b) At a point (COHb = 20-30%) when hemodynamic changes were present but ventilation was unchanged arterial Pco2 increased (Fig. 2) . This suggests that at this time C02 delivery to the lungs was augmented but that some form of depression of ventilatory drive may have diminished the expected ventilatory response to this transient hypercapnia. This contention is supported by the observation that depression of ventilation at COHb levels of 20-30% was noted when the circulatory response to CO was diminished by betaadrenergic blockade.
(c) Direct measurements (Table IV) (23) in chemodenervated dogs which were given 14% 02 to breathe, by the early hypercapnia (i.e., lack of ventilatory response to the augmented C02 delivery to the lungs) during inhalation of 1% CO by the untreated animals of the present study, and by the depression of ventilation at COHb levels of 20-30% in the animals treated with a beta-adrenergic blocking agent. The precise mechanism of this phenomenon is unclear but, since it is triggered by relatively mild hypoxia, it may involve higher brain centers, as suggested by Tenney and co-workers (24) and by Korner and co-workers (25) . Second, there is a stimulation of ventilation with more severe or more prolonged hypoxia. This was observed in the same dogs by Davenport and co-workers (23) after 6 min of inhalation of 14% 02 and in the present studies when COHb levels reached 50-60%. Our data suggest that this phenomenon is likely to be due to brain-CSF acidosis but may involve other effects of hypoxia within the brain as well. Last, severe hypoxia (COHb of 70% in our studies) causes respiratory depression, probably due to metabolic insufficiency of respiratory neurons in general. This is not equivalent to death of these neurons, since in all of our studies the apnea which was caused by high levels of COHb could be reversed by mechanical ventilation with oxygen.
These findings are consistent with previous observations on the nonperipheral chemoreceptor-mediated ventilatory effects of hypoxia in man. Wade and coworkers (26) studied a group of patients after carotid chemoreceptor denervation consequent to bilateral carotid endarterectomy. They found that ventilation, when related to Pco2 level in arterial blood, was less during hypoxia combined with hypercapnia than during hyperoxia combined with hypercapnia. This relative depression of ventilatory drive by hypoxia in functionally chemodenervated subjects is analogous to the lack of ventilatory response to elevation of Pco2 in arterial blood during the early phase (COHb = 20-30%) of extended inhalation of carbon monoxide in the present studies. Lugliani and co-workers (27) , on the other hand, found no changes in ventilation or in Pco2 of arterial blood during inhalation of 12% 02 in N2 by a group of subjects who had undergone bilateral excision of their carotid bodies. However, their measurements were made at a single point in time, 8 min after the onset of hypoxia. Thus, it is possible that the depression of ventilation associated with mild hypoxia, which seems to be an evanescent phenomenon, was missed in these studies. Stimulation of ventilation by more severe central nervous system hypoxia would not be expected to have been observed in either study. In the present studies stimulation of ventilation occurred at COHb levels of approximately 50%. In order to reduce 02 content in arterial blood by an equivalent amount by hypoxic hypoxia, a Po2 value in arterial blood of under 30 mm Hg would be required. In the studies of Wade and Lugliani and their co-workers Po2 values in arterial blood were always above 40 mm Hg.
The clinical implications of these data go beyond the occasional case of carbon monoxide poisoning. It is generally recognized that the responses of severely hypoxemic patients to 02 administration are quite variable. The responses are frequently very different from those which would be predicted from the responses of normal individuals to acute hypoxia which seem to follow the known stimulus-response characteristics of the peripheral chemoreceptors. For example, it is not uncommon to observe no change in alveolar ventilation when arterial Po2 is raised from 30 to 50 mm Hg in a patient with chronic obstructive lung disease although this is the range of greatest effect of Po2 upon ventilation in normal individuals. It seems likely that in such patients concomitant relief of the ventilatory depressant effect of central nervous system hypoxia may offset the decrease of stimulation by the peripheral chemoreceptors. We are unaware of any unequivocal description of the stimulation of ventilation by central nervous hypoxia in a clinical setting. However, as shown by the present data, this may be due to the inherent instability of this state since the hypoxia required to produce the phenomenon appears to be only somewhat less severe than that which produces profound ventilatory depression due to cerebral metabolic insufficiency. In animals this phenomenon has been invoked to explain the ventilatory acclimatization to hypoxia which takes place in the absence of peripheral chemoreceptors (19) .
